The plasma membrane (PM) contains an asymmetric distribution of lipids between the inner and outer leaflets of its bilayer. A lipid of special interest in eukaryotic cells is the negatively charged phosphatidylserine (PS). In healthy cells, PS is actively sequestered to the inner leaflet of the PM but can redistribute to the outer leaflet when the cell is damaged or at the onset of apoptosis. The influence of PS asymmetry and its loss on membrane protein structure and organization have not been widely addressed. Marginally hydrophobic membrane proteins contain acidic residues in their transmembrane sequence, which can enable topological transitions after membrane association. The pH low insertion peptide (pHLIP), which undergoes a topological reorientation and inserts into the membrane at acidic pH -as its name implies, is a useful and well-characterized model for studying these transitions. Although it is known that the inclusion of PS in symmetric vesicles affects the membrane insertion process of pHLIP by lowering the pH midpoint of insertion, it is unclear how PS asymmetry influences these topological transitions. Here, we studied pHLIP's topology using freely-floating asymmetric phosphatidylcholine (PC)/PS vesicles with PS enriched in the inner leaflet. We developed a modified protocol to create asymmetric vesicles containing PS and employed Annexin V labeled with an Alexa 568 fluorophore as a new probe to quantifying PS asymmetry. For pHLIP, membrane insertion was affected by the surface charge difference between bilayer leaflets caused by the asymmetric distribution of charged lipids between the leaflets. We thus conclude that lipid asymmetry can have consequences for the behavior of membrane-associated proteins.
Introduction
The mammalian plasma membrane (PM) is a highly complex structure composed of hundreds of different lipids. Moreover, it has long been established that these lipids are not randomly arranged in the bilayer, but instead are asymmetrically distributed between the two bilayer leaflets (1). Specifically, the outer leaflet is enriched in phosphatidylcholines (PCs) and sphingomyelins, while the amino-containing glycerophospholipids such as phosphatidylserine (PS) and phosphatidylethanolamine (PE) are primarily located in the inner leaflet (1-4). Lipid asymmetry is entropically unfavorable and must be actively maintained by the cell. Two classes of ATP-dependent transporters, with the ability to move phospholipids unidirectionally to a given leaflet (5-8) have evolved for this purpose. These enzymes, termed flippases and floppases, counteract the movement of lipids down their concentration gradients by active translocation, however, the scrambling of the lipids occurs through the non-ATP dependent activation of the scramblase transporter (6, 9, 10) . Although there is still considerable uncertainty regarding the physiological role of PM asymmetry, its importance for proper cellular function is not in doubt (9).
The maintenance of proper PS asymmetry is important for cellular viability (9) . The presence of the negatively-charged PS in the inner leaflet enhances the binding of many cytosolic proteins, including key signaling proteins such as phospholipase C or KRAS (11, 12) .
Unsurprisingly, the loss of PS asymmetry is correlated with cellular malfunction and even death.
For example, cell damage can result in the activation of scramblases, promiscuous lipid transporters that rapidly destroy membrane asymmetry (13) . The resulting exposure of PS on the outer leaflet is a recognition signal for apoptosis to proceed via binding of annexins on the surface of macrophages (9).
Roughly half the mass of the membrane is proteins suggesting that membrane proteins are important constituents (14, 15) . Transmembrane (TM) proteins contain sequences consisting largely of hydrophobic amino acids, driving protein insertion into the hydrophobic core of the membrane (16). Folding occurs through the formation of secondary structure that happens before membrane insertion (17, 18) . It has been proposed that membrane proteins fold independently of their lipid environment (19) . A recent study investigated the importance of the lipid environment using the bacterial protein LacY (20) using a recently developed method to create lipid asymmetry in freely floating model membranes (21) . The authors found that PE asymmetry led to topological reorientations of LacY. However, the experimental system was far from ideal as LacY dissipated bilayer asymmetry by strongly increasing the rate of lipid flip-flop (20) . That membrane asymmetry can influence the topological orientation of membrane proteins is worthy of further consideration. PM proteins are synthesized in the symmetric membrane of the endoplasmic reticulum (ER), yet their final destination is an asymmetric membrane (4, 22) . It is unknown if the dramatically different ER and lipid environment from the ER to the PM affects membrane proteins that have the potential to change their topology after membrane insertion.
Here, we use the pH-low insertion peptide (pHLIP) as a model system to study how PM asymmetry affects the folding and insertion of membrane proteins. pHLIP assumes two different membrane topologies depending on the pH, as a result of changes in protonation in its seven charged residues. This characteristic enables experimental control of pHLIP's topologies termed States II (membrane associated at neutral pH) and III (inserted as a TM helix at acidic pH) (23).
Unlike membrane active peptides such as GALA, pHLIP does not lead to membrane leakage or disruption, a requisite for maintaining membrane asymmetry (23, 24) . pHLIP has been studied in different membrane compositions and its behavior is well characterized (23, (25) (26) (27) . Using 9 intensity were normalized to the POPC control. Symmetric samples of varying POPS concentration were used to determine a calibration curve that was fitted with the equation:
where F 0 is the initial fluorescence intensity, Δ F is the change in fluorescence intensity, x is the mol % of POPS, and 55.3 is the molar concentration of water (17, 31) . This equation was used to determine the molar partition coefficient, K p , of Annexin V binding to the membrane in the presence of different levels of PS. Using this assay, we determined the molar % of POPS exposed at the outer leaflet of the asymmetric samples via a decrease in Annexin V-568 intensity as it bound PS. Using Annexin V-568 intensity values in the presence of asymmetric samples, we normalized the values to the PC control and inputted them into Eq. 2 to determine the mol % POPS in the outer leaflet. Measurements on asymmetric samples were taken for multiple days to assess the level of asymmetry and lipid flip flop.
Lipid flip flop in the presence of pHLIP was determined by performing the Annexin assay with asymmetric vesicles. pHLIP was incubated with POPC (control) and asymmetric vesicles for 1 hour at pH 7.4. Annexin V-568 was then added and incubated as described earlier.
The final pH was 5.5, and the final pHLIP concentration was 0.25 µM. Intensity changes in the presence of pHLIP were analyzed as described earlier.
Calculation of leaflet surface potentials. The surface potential of each leaflet in the asymmetric bilayer was calculated using the Grahame equation: where I i is the fluorescence intensity at wavelength λ i . CM uses the entire spectral range of the data to inform on the local environment of the two Trp residues (35, 36) . The data were also analyzed by monitoring changes in the fluorescence emission intensity FI at 335 nm, which is directly proportional to the population of molecular species present (37). CM and FI pHtitrations were then fitted to determine the pK using the equation:
where F a is the acidic baseline, F b is the basic baseline, m is the slope of the transition, pK is the midpoint of the curve, and Signal refers to the changes in the fluorescence or circular dichroism signals as a function of pH.
Circular Dichroism. CD measurements were performed using a Jasco (Easton, MD) J-815 spectropolarimeter at 25°C. pHLIP was incubated with POPC, symmetric POPC/POPS 97/3, or asymmetric vesicles (prepared as described earlier) in 10 mM NaP i buffer (pH 8.0) for 1 hour.
The pH was then adjusted with 100 mM NaOAc or NaP i to a range of desired final pH values. 
where Θ is the measured ellipticity, l is the cell path length, c is the protein concentration, and N is the number of amino acids (here, 38) (39). Calculated molar ellipticity at 222 nm was plotted against measured pH, and the resulting sigmoidal transition was fitted using Eq. 2 to obtain the pK CD . Spectra were collected from 260-195 nm for samples at pH 8 and 4 using the same temperature and scan rate as earlier, but with a 1 nm step size. Spectra were collected to check for secondary structure other than at 222 nm, which allowed for a detailed comparison of pHLIP in symmetric and asymmetric membranes. 
Results

Preparation and quantification of asymmetric PS vesicles
The goal of this study was to understand how PS asymmetry influences the folding and insertion of a TM helix in a well-controlled and characterized model membrane system. A wide variety of techniques have been developed for the preparation of asymmetric bilayers, each with strengths and weaknesses (40, 41) . For our study, it was important to use freely-floating vesicles, rather than solid supported bilayers, and to avoid the use of osmolytes that can potentially interact with the bilayer and/or create membrane tension (21, 42) . To this end, we used the technique of methyl-β-cyclodextrin-mediated lipid exchange pioneered by the London group (21) with modifications that eliminate the requirement for concentrated sucrose in the vesicle core ( Fig. 1) (43), there is general agreement that lipid flip-flop is much slower (half times of hours to days) in vesicles (6, 10, 44). To monitor PS asymmetry, we first used GC/MS to determine the total PS concentration in the aLUVs (28). Because GC/MS cannot distinguish between inner and outer leaflet lipid populations (28, 45), we employed externally added Annexin V conjugated with the Alexa-568 dye (Annexin V-568) to determine the amount of PS exposed in the outer leaflet. Annexin V specifically binds to PS headgroups in the presence of calcium (46) and is routinely used in cell biology for determination of the onset of apoptosis, 1 4 which is marked by the exposure of PS to the extracellular environment (47). In symmetric vesicles, we observed a monotonic decrease in the fluorescence intensity of Annexin V-568 as PS concentration was increased ( Fig. 2 ). Using this data as a calibration curve, we then assayed the concentration of exposed PS in aLUVs. Prior to outer leaflet exchange, the acceptor LUVs had an average exposed PS concentration of ~7 mol% (N = 5), which decreased to ~3 mol% in the aLUVs (Fig. S1 ). Statistical analysis revealed no significant differences in exposed PS concentration among the aLUV exchanges (P > 0.05), an indication that the preparation of asymmetric PS-containing vesicles was robust and reproducible.
Next, we investigated the stability of aLUVs by monitoring PS asymmetry over time. Figure 3A shows that no significant loss of asymmetry in four-day old aLUVs occurred (P > 0.05). We also examined the influence of pHLIP on the stability of PS asymmetry. It has been previously reported that the presence of transmembrane peptides can accelerate lipid flip-flop and lead to a rapid loss of membrane asymmetry (48). However, we found that pHLIP in either State II or III did not lead to a significant loss of PS asymmetry over 3 hours via the annexin assay, a period of time greater than the time needed to complete our fluorescence spectroscopic assay (P > 0.05) ( Fig. 3B ). We also observed no changes in lipid flip-flop at room temperature over a period of 108 hours (data not shown). These results indicate that pHLIP does not influence the rate of POPS flip-flop on our experimental timescales.
PS membrane asymmetry influences the insertion pK of pHLIP
The pK of insertion (midpoint of insertion) (23, 34) is a key parameter describing pHLIP's interaction with membranes. pHLIP insertion occurs in multiple steps as pH is acidified (49, 50), and we recently reported that the insertion process is characterized by at least three macroscopic pK values that require different analyses and/or techniques for determination (38, 1 5 51). Specifically, when using the fluorescence emission spectra of pHLIP's two Trp residues to monitor insertion into symmetric POPC vesicles, we found different insertion pK values depending on whether the response metric was the spectral center-of-mass (CM) or the fluorescence intensity at fixed wavelength (FI) (38). We refer to these insertion pH midpoints as pK CM and pK FI , respectively.
We first used both native Trp and nitrobenzoxadiazole (NBD) conjugated to a C-terminal Cys residue fluorescence, as described previously (38), to determine pHLIP insertion pKs in symmetric POPCd31/POPS vesicles with increasing POPS concentration. As previously reported (52), decreasing the solution pH caused a shift in the Trp emission maximum to shorter wavelengths and an increase in intensity ( Fig. 4A ). These changes result from alterations in the local environment of the Trp residues, consistent with pHLIP insertion into the membrane. As NBD is also an environmentally sensitive dye, similar changes were observed compared to Trp (53) (54) (55) (56) (57) . We then analyzed the emission spectra to determine the insertion pK CM , pK FI , and pK NBD ( Fig. 4B -E and Fig. S2 ). We found that pK FI was ~0.5 units lower than pK CM at each PS concentration and that both pK CM ( Fig. 4D ) and pK FI ( Fig. 4E ) decreased by ~ 0.4 units as POPS concentration increased from 0 to 7 mol %. Similarly, we observed a pK NBD that was comparable to previous results, as well as a decrease in the presence of symmetric PS to a concentration of 7% (38). The comparable influence of PS suggests that deuteration does not influence the insertion of pHLIP. However, symmetric membranes do not recapitulate the PM, promoting the study of PS asymmetry.
We next examined aLUVs that typically contained ~3 mol % PS in the outer leaflet and ~7 mol % PS in the inner leaflet. We observed a statistically significant increase in both pK CM and pK FI compared to symmetric membranes with similar PS concentration (P < 0.05).
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Specifically, pK CM of the asymmetric vesicles was 6.26 ± 0.14 compared to 5.91 ± 0.15 and 5.79 ± 0.07 for symmetric vesicles containing 3 and 7 mol % PS, respectively ( Fig. 4D ). Similar changes were observed in pK FI -the aLUV value was 5.56 ± 0.14, while it was 5.34 ± 0.11 and 5.33 ± 0.08 for symmetric samples containing 3 and 7 mol % PS, respectively ( Fig. 4E ).
Remarkably, pK CM for the aLUVs was even higher than that of symmetric vesicles lacking PS, with the difference in the two pK values (i.e., pK CM − pK FI ) increasing to nearly 0.7 units, compared to 0.4-0.55 units for symmetric membranes. For pK NBD , we observed no statistically significant difference in the aLUV samples when compared to symmetric samples containing 3%
PS. The increase in pK CM and pK FI suggests that PS asymmetry affects the membrane insertion of pHLIP in a manner that cannot be simply predicted from the outer leaflet composition.
Secondary structure formation is not altered by PS membrane asymmetry
pHLIP must adopt a stable secondary structure prior to membrane insertion (17, 58).
Using circular dichroism (CD), we previously observed that PS has no influence on the secondary structure of pHLIP in State II and III in symmetric vesicles composed of POPC/POPS 90/10 mol% (27) . Figure 5A shows CD spectra of pHLIP in aLUV at pH values representing State II (pH 8) and State III (pH 4), revealing that pHLIP exhibits comparable helical content whether the membrane contains an asymmetric or symmetric PS distribution (27). This result suggests that PS asymmetry has little effect on pHLIP secondary structure at the initial and final states of the insertion process.
As mentioned in the previous section, we recently proposed that different analysis methods for determining the insertion pK report independently on the protonation of different acidic residues in pHLIP (38). Specifically, we found that pK CD informs on the midpoint of helical formation on the membrane surface. Since pK CM and pK FI showed a significant increase 1 7
in asymmetric PS vesicles, we investigated if pK CD was similarly affected. Figure 5B shows a comparison of average pH titrations of symmetric (3 mol% PS) LUVs and aLUVs containing ~ 3 mol% PS in the outer leaflet. Figure 5C shows no significant effect of PS membrane asymmetry on the pK CD compared to symmetric samples (P > 0.05), suggesting that PS asymmetry affects only some steps in the membrane insertion of pHLIP.
Discussion
PS asymmetric vesicles can be prepared and are stable over multiple days.
Membrane lipid asymmetry is a key property of cellular membranes (1). Membrane asymmetry is maintained by ATP-dependent enzymes that translocate lipids to their intended leaflet with high head group specificity, while subgroups of the ATP binding cassette proteins flop lipids with low head group specificity (5-8). Loss of these mechanisms of controlled lipid localization is a property of apoptosis and cell death (9). For example, Scott's syndrome, a bleeding disorder, is associated with a problem in the regulation of membrane asymmetry, and is the only disease known to be with linked membrane asymmetry (59).
Here, we modified a recently developed technique that used cyclodextrin to create tensionless PC vesicles with an asymmetric chain distribution (28, 44) . We aimed instead to create vesicles with an asymmetric PS distribution mimicking that found in the mammalian PM.
We found that minor variations had to be made to the original technique to accommodate the movement of PS, possibly due to the slight differences in how mβCD solubilizes PS compared to PC (60). Once the vesicles were prepared, we needed to measure the level of PS asymmetry. A variety of techniques have been described for measuring the asymmetry of different lipid species and we first settled on nuclear magnetic resonance (NMR) as used by Heberle et al. for determining PS asymmetry (28). However, this approach failed, possibly due to a strong 1 8
interaction between the positively charged chemical shift reagent Pr 3+ and the negatively charged PS head group (data not shown). We also explored using trinitrobezenesolfonic acid (TNBS), a molecule known to interact with PE and PS (61). Unfortunately, TNBS showed little sensitivity to PS and failed to accurately detect PS levels in symmetric vesicles (data not shown).
After exhausting the available options from the literature, we took advantage of the wellknown PS binding properties of Annexin V (46, 47), turning to a fluorescent version of this protein. We discovered that the fluorescence intensity of the Annexin V-568 conjugate is sensitive to the concentration of PS in the outer leaflet, which allowed us to assay for PS concentration in asymmetric vesicles using a calibration curve prepared from symmetric vesicles.
We speculate the decrease in Alexa 568 fluorescent intensity is due to quenching caused by natural amino acids like Trp (62). Using this assay, together with GC/MS, we were able to consistently quantify the level of PS asymmetry in our aLUVs. The annexin assay showed that PS asymmetry could be generated and was stable for multiple days (Figs. 2 and 3). Using this same assay, we also determined that pHLIP did not disrupt asymmetry ( Fig. 3B ). This finding is of fundamental importance, since proteins and peptides often cause a loss of lipid bilayer asymmetry (20, 48), impeding studies looking into the effect of lipid asymmetry.
PS asymmetry may be particularly stable in part due to the unfavorable free energy barrier for transporting a negatively charged head group across the apolar membrane core.
Moreover, pHLIP, with its many negative charges in State II, interacts adversely with PS (27). In State III, pHLIP does not disrupt the membrane and only interacts with a few lipid shells in close proximity to it (23, 63). This could explain our observation that pHLIP does not increase the rate of PS flip flop. The interaction of pHLIP with bilayers also depends on the specific lipid composition.
PS asymmetry influences the insertion of pHLIP
However, all previous studies were carried out with symmetric bilayers (26, 27, 52, 64, 65) . We have reported that symmetric PS vesicles decreased the insertion pK compared to PC vesicles, with a saturation at ~ 5 mol% PS (27). This was proposed to result from the unfavorable interaction between the negative charge on the PS headgroup and the seven negative charges on pHLIP at neutral pH (27). In a similar report, symmetric vesicles containing an assortment of lipid head groups, including PS, were also found to influence the insertion of pHLIP (64).
However, an asymmetric distribution of PS, mimicking the plasma membrane, was missing from all these studies.
Here we study the effect of PS asymmetry on the membrane insertion of pHLIP.
However, pHLIP's membrane insertion is not fully described by one insertion pK and have been reported using different analysis methods (38). Specifically, in symmetric PC bilayers, pK CM and pK CD reported on the same pHLIP protonation event, whereas pK FI reported on a different one (38) . We found that the insertion pK in PS aLUVs determined from Trp fluorescence using both a CM and FI analysis is significantly increased (P<0.05) compared to a similar symmetric distribution of PS ( Fig. 4 ). However, pK CD , which describes the midpoint of helical formation (38), was unaffected (P>0.05) ( Fig. 5 ). Furthermore, we also determined that the pK NBD (pK of translocation) was not influenced by PS membrane asymmetry compared to symmetric membranes with 3% PS. It should be noted that in our pH range used for determining the pKs, the PS headgroup remains deprotonated (66, 67) . No changes in pK CD or pK NBD may indicate that PS asymmetry promotes the integration of Trp residues into the membrane before helical formation is complete, and that it does not influence the translocation of the C-terminus across the membrane (Fig. 6 ). As seen in Fig. 4 and 5, the titration reported by CM is largely complete 2 0 before a large change occurs in the titration reported by CD, which indicates that in aLUVs CM and CD are decoupled in reporting the protonation of acidic residues ( Fig. 6) reporting on different protonation steps in the insertion process (38). Together, the data indicates that PS asymmetry may influence the protonations of D14, 25, 31, and 33, as protonations of these residues are reported by CM and FI (38) .
Changes in membrane electrostatics promote an altered insertion of pHLIP
An asymmetric distribution of PS across the two leaflets is expected to change the electrostatics of the membrane (68-70). Lipid bilayers have three distinct potentials, namely the surface, transmembrane, and the dipole potentials (69). The surface potential is created by a buildup of charge on the membrane surface which propagates out from the membrane and into the aqueous solution (69). A concentration gradient of ions between the two aqueous solutions bathing the bilayer causes the transmembrane potential (69). Finally, the dipole potential is a positive potential centered in the hydrophobic core of the membrane, which arises from permanent dipoles in the lipid molecules (69). The observed increases in pK CM and pK FI could be caused by a change in one of these potentials (68-70 deeper location, the pKa values of these residues would be expected to increase (73). In contrast, pK CD was not affected by PS asymmetry (Fig. 6 ), suggesting that asymmetry-induced changes in the surface potential do not affect the helical content of pHLIP (17) despite influencing its location at the membrane surface. Some caution with this interpretation is warranted, as surface potential differences may not be the only factor driving the observed pK shift. We cannot rule out that lipid asymmetry affects the lipid dipoles in a manner that alters the membrane dipole potential and thus influences the insertion pK of pHLIP (74, 75 
